In this study, Fe-Ni bimetal oxides (Fe-NiO x ) catalysts were used to activate O 3 in a heterogeneous system. This research focuses on the degradation mechanism of dimethyl phthalate (DMP) by adding Fe-NiO x catalysts which activated the O 3 decomposition to generate strong oxidative hydroxyl radicals (•OH). The experimental results showed that O 3 /Fe-NiO x catalyst calcinated under 500 C achieved 47.75% higher DMP removal efficiency when compared with ozonation of DMP without the catalyst. Besides, control experimental data suggested that the adsorption of DMP was negligible (<4%) for Fe-NiO x . Thus, it was concluded that the removal of DMP was due to the catalytic ability of Fe-NiO x rather than the adsorption of DMP onto the catalysts. Moreover, the unsatisfactory performance of Fe-NiO x catalysts calcinated in the presence of N 2 revealed that O 2 played an important part in affecting the crystalline degree of catalysts during the synthesis process.
INTRODUCTION
Nowadays, organic pollutants in wastewater are so complex that it is difficult to remove them by traditional water treatment methods. Some organic pollutants in wastewater may increase health risks when discharged to natural water systems due to their toxicity and persistence (Maddila et al. ) . Aiming to degrade various organic contaminants, advanced oxidation processes (AOPs) have been investigated extensively by using a series of physical chemistry methods to activate ozone, peroxide, persulfate, and peroxymonosulfate to produce reactive radicals, such as hydroxyl radicals (•OH) and sulfate radicals (•SO 4 À ).
Recently, heterogeneous catalytic ozonation has attracted increasing attention owing to its potential higher effectiveness in degrading refractory organic pollutants and lower negative influence on water quality (Trapido et 
The composition of metal oxides in catalysts was observed by XRD using a DX-1000 diffract meter. The chemical state of elements was analyzed by Auger electron spectroscopy with a XSAM 800 system. Surface elemental stoichiometry was determined from XPS spectral area ratios. Surface groups on catalysts were identified by FT-IR which was recorded on a Nicolet 6700 spectrometer in the range of 400-4,000 cm À1 using the KBr disk method. The influence of temperature was investigated by TGA using a
Mettler Toledo TGA/DSC2 and the heating rate was 10 C/min.
The ozonation experiments were performed at room temperature (18 ± 1 C) in a 500 mL flat-bottomed flask.
Ozone was synthesized by an ozone generator (HTU-500SE, Azco Industries Limited, Canada) using dry oxygen as the supply gas. The ozone concentration in water was determined using a UV-vis spectrophotometer (UV-1800, Overall, the Figure 1 results showed that though the relative ratio of ÀOH in the catalysts calcinated at 500 C by blowing N 2 was very high, all peaks were much weaker, which suggested that there were less metal oxides in the catalysts. Thus, it could be inferred that O 2 played an important role in the formation of NiFe 2 O 4 and ÀOH.
TGA characterization
In order to investigate the effect of temperature of catalysts on its decomposition and crystallization, the precursor was subjected to TGA-DTA. In Figure 2 , continuous weight loss is shown, owing to the combustion of the organic matter and the loss of trapped water in the egg white during the catalysts synthesis. The peaks of the DTA curve were observed when the organic matter in the precursor burnt out (Maensiri et al. ) . When the temperature rose to 600 C, the wave disappeared because all the organic matter was burnt out.
XRD characterization
The XRD pattern of all Fe-NiO x catalysts is shown in 
FT-IR characterization
Figure 4 reveals the FT-IR spectra of catalysts calcinated at 400, 500 and 600 C before experiments. Three hydroxyl group absorption bands emerged in all curves. The first peak was at 3,425 cm À1 , corresponding to the stretching of ). In contrast, the peak intensities of catalysts prepared with N 2 were weaker, which indicated that O 2 had a significant impact on the formation of surface groups.
Catalytic ability of Fe-NiO x oxides
The catalytic activity experiments within 10 min were carried out with different catalysts and the results are presented in Figure 5 . It is noted that the removal efficiency of DMP was significantly enhanced with the addition of FeNiO x catalysts calcinated at 500 C, which achieved nearly 86.83% DMP degraded in 10 min in the Fe-NiO x /O 3 /DMP system. Only 47% and 46% DMP was degraded with catalysts calcinated at 400 C and 600 C under the same experimental conditions. Meanwhile, approximately 44%
of DMP was removed during the ozonation process activated by the catalysts prepared with N 2 .
Both results of catalysts calcinated at 400 and 500 C in Figures 3 and 4 indicated that the better crystalline degree of catalysts led to more DMP being degraded. Besides, results of catalysts calcinated at 500 and 600 C in XPS analysis showed that the catalysts calcinated at 500 C had more Ni 2þ which contributed to stronger catalytic power on O 3 activation.
As has been well proven in previous studies, the relationship between catalytic ability and density of ÀOH on the catalysts surface had a positive linear correlation. Ozone decomposition with Fe-NiO x oxides A series of ozone decomposition experiments was carried out with various catalysts. As shown in Figure 6 , all catalysts significantly promoted ozone decomposition compared to the rate of the O 3 alone system. As the ozone decomposition results followed a similar pattern in Figure 5 , catalysts calci- 
Active oxidative species in ozonation system
The improvement in DMP degradation was ascribed to the formation of active oxidative species with O 3 decomposed, which had high oxidative ability to remove refractory organic matter (Yang et 
).
As shown in Figure 7 , after adding TBA, DMP degradation was significantly inhibited from 86.83% to 27.29%
in 10 min with both O 3 and the catalysts calcinated at 500 C by blowing air in the system. Since TBA had a much higher reaction rate constant with •OH than O 3 , the decrease was due to the consumption of •OH caused by TBA. About 39.08% DMP was degraded in 10 min with O 3 alone and it decreased to 22.57% with the addition of TBA. Besides, only adding catalysts into the system resulted in less than 4% DMP being adsorbed with or without TBA experimental conditions. 
CONCLUSIONS

